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Breast cancer is the most common malignancy diagnosed in women, and the incidence of breast cancer is increasing every year. Obesity has

been identified as one of the major risk factors for breast cancer progression. The mechanisms by which obesity contributes to breast cancer

development is not yet understood; however, there are a few mechanisms counted as potential producers of breast cancer in obesity, including

insulin resistance, chronic inflammation and inflammatory cytokines, adipokines, and sex hormones. Recent emerging evidence suggests that

alterations in microRNA (miRNA) expressions are found in several diseases, including breast cancer and obesity; however, miRNA roles in obesity-

linked breast cancer are beginning to unravel. miRNAs are thought to be potential noninvasive biomarkers for diagnosis and prognosis of cancer
patients with comorbid conditions of obesity as well as therapeutic targets. Recent studies have evidenced that nutrients and other dietary
factors protect against cancer and obesity through modulation of miRNA expressions. Herein, we summarize a comprehensive overview of

up-to-date information related to miRNAs and their molecular targets involved in obesity-associated breast cancer. We also address the

mechanisms by which dietary factors modulate miRNA expression and its protective roles in obesity-associated breast cancer. It is hoped that this

review would provide new therapeutic strategies for the treatment of obesity-associated breast cancer to reduce the burden of breast cancer.
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Introduction

Breast cancer is the most commonly diagnosed cancer (1.7
million cases, 11.9%) among women in 140 of 184 countries
worldwide and the second leading cause of cancer deaths
among women worldwide (522,000 deaths, 6.4% in
2012). According to GLOBOCAN 2012 from WHO, breast
cancer incidence has increased by >20%, and mortality
has increased by 14% compared with 2008 (1). There are
several risk factors associated with the development of breast
cancer, including potentially modifiable and nonmodifiable
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factors (2). The modifiable risk factors include overweight
or obesity (postmenopausal breast cancer), use of meno-
pausal hormone therapy, less physical activity, shift
work (particularly at night), cigarette smoking (particu-
larly starting smoking before the first pregnancy), and
consumption of alcohol and high-calorie diets (3, 4).
The nonmodifiable risk factors include an inherited mutation
of breast cancer—susceptibility genes, such as breast cancer
type 1/2 susceptibility protein, E-cadherin 1, and phospha-
tase and tensin homolog (PTEN); family history of breast
cancer; high breast tissue density; certain benign breast
conditions; type 2 diabetes (independent of obesity); and re-
productive factors, such as nulliparity, recent use of oral con-
traceptives, long menstrual history, and increased amounts of
sex hormones (5, 6).

Among the risk factors, obesity has been identified as one
of the major risk factors for breast cancer development.
Meta-analysis studies have shown an ~30% increased risk
of breast cancer recurrence or death in obese women com-
pared with normal-weight women (7, 8). Numerous studies
have shown the occurrence of obesity and cancer at the bio-
chemical, physiological, pathologic, and epidemiologic levels,
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but only a small part of the molecular mechanisms of obesity-
associated breast cancer has been studied (9). Recently, the as-
sociation of obesity and cancer with microRNAs (miRNAs)
has been proposed. Studies suggest that up- or downregula-
tion of some specific miRNAs is the common biological fac-
tor between obesity and cancer (10). Hence, recent updates
and exploration of these miRNAs are important because
they may serve as potential targets and novel biomarkers
in obesity-linked cancer therapies.

Surgery, radiotherapy, chemotherapy, and hormonal
therapy are among the major treatments for breast cancer
with different stages; however, acquisition of drug resistance
and toxicities remain and limit the overall response and sur-
vival of breast cancer patients (11). Therefore, identification
of safer chemopreventive agents from natural sources is nec-
essary to improve breast cancer patients’ survival and quality
of life by overcoming drug resistance and decreasing drug-
induced toxicities. Recently, the use of natural agents for
the treatment of obesity and obesity-related breast cancer
has been substantially increased not only because of their
minimal toxicity but because they target several signaling
pathways. Studies have reported on the ability of essential
nutrients, phytochemicals, and other bioactive functional
foods to modulate the expression of miRNA that regulates
diverse biological processes, including adipogenesis, insulin
resistance, adipokines production, cell proliferation, apo-
ptosis, migration, and invasion (12, 13). Therefore, this re-
view emphasizes recent knowledge about the regulation of
miRNAs and their molecular targets involved in obesity-
associated breast cancer. Further, we describe the mecha-
nisms by which dietary factors modulate miRNA expression
and its protective roles in obesity-associated breast cancer.

Obesity-Associated Breast Cancer

Obesity is a chronic medical condition resulting from in-
creased fat mass and energy storage in adipose tissue, genetic
predisposition and environment, increased calorie uptake,
and decreased physical activity, which leads to an adverse ef-
fect on health (14). Obesity is clinically defined as based on
the BMI (in kg/m?) of =30; BMI is defined as body weight
(in kilograms) divided by the squared body height (in me-
ters). The WHO-recommended BMI cutoffs for the classifi-
cation of weight are summarized in Table 1.

Obesity is strongly associated with changes in the phys-
iological function of adipose tissue, leading to adipocyte
differentiation, insulin resistance, altered expression of
hormones, growth factors, inflammatory cytokines, and
altered secretion of adipokines. The increased circulating

TABLE 1 The BMI weight cutoffs
BMI, kg/m? Classification (description)
<185 Underweight (thin)
18.5-24.9 Normal weight (healthy and acceptable weight)
25.0-29.9 Overweight (pre-obese)
30.0-34.9 Class | obesity (mild obesity)
35.0-39.9 Class Il obesity (moderate obesity)
=400 Class Il obesity (severe or morbid obesity)

concentrations of acute-phase proteins and inflammatory
cytokines are caused by the increased production of multiple
proteins by adipose tissue and thus result in the maintenance
of low-grade inflammation, which leads to insulin resistance
and metabolic syndrome (15). All these factors are involved
in the development of several pathologic conditions, such as
cardiovascular disease, type 2 diabetes mellitus, and several
types of cancers (16). Among the pathological conditions,
breast cancer is one of the major diseases affected by obesity
risk (17). Hence, in the following sections, we have provided
an overview of mechanisms of actions including 1) insulin
resistance and deregulation of insulin signaling, 2) chronic
inflammation and inflammatory cytokines, 3) adipokines,
and 4) sex steroids that lead to cell growth, proliferation,
metastasis, and inhibited apoptosis.

Mechanisms underlying obesity-related breast cancer
Insulin resistance and deregulation of insulin signaling.
Insulin resistance is one of the major mechanisms explain-
ing the link between obesity and breast cancer (18). The in-
creased serum insulin is positively correlated with BMI, and
this commonly results in hyperinsulinemia. Hyperinsuline-
mia contributes to carcinogenesis by the action of insulin
along with their binding proteins (19). The rise in insulin
and insulin growth factor plays a major role in creating a
procarcinogenic environment. The binding of these ligands
to their cognate receptors, namely the insulin receptor and
insulin-like growth factor I receptor, triggers several signaling
networks, including rat sarcoma (RAS)/rapidly accelerated
fibrosarcoma/MAPK and phosphatidylinositol 3-kinase/
mammalian target of rapamycin systems. Finally, these ef-
fects alter the expression of genes involved in cell prolifer-
ation, cell cycle progression, survival, angiogenesis, and
invasion, which leads to neovascularization and metastasis
and promotes breast tumorigenesis (18, 20).

Chronic inflammation and inflammatory cytokines. Obe-
sity is correlated with a chronic inflammatory response, a key
feature of adipose tissue dysfunction and thought to be a ma-
jor contributing factor for obesity-associated breast cancer.
Adipocyte dysfunction results in an increased production of
cytokines and activation of pro-inflammatory signaling path-
ways such as TNF-a, IL-13, and NF-kB, which are believed to
be involved in carcinogenesis (21). Studies have shown that
cytokines, including TNF-a, IL-6, and IFNs, are present in
the tumor microenvironment and metastatic sites, suggesting
the strong association of these factors with breast cancer de-
velopment (22).

Obesity is correlated with increased levels of circulat-
ing FFAs, which increases insulin resistance by the activa-
tion of pro-inflammatory pathways (23). Toll-like receptor
(TLR) signaling and the activity of NF-kB are enhanced
by SFA in macrophages (24). Moreover, TLR4 signaling, ex-
pression of myeloid differentiation primary response gene
88 (MyD88), and the activity of NF-kB with the secretion
of IL-6 and TNF-a are substantially increased in the adipose
tissue explants and adipocytes by the treatment of SFAs (25).
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TLR2 agonists (tripalmitoylated CysSerLys4) and TLR4 ag-
onists (LPS) increase TLR2/4 expression in macrophages,
adipocytes, and adipose tissues, which results in the activa-
tion of several inflammatory biomediators (26), suggest-
ing that TLRs play an important role in obesity-induced
inflammation.

Oxidative stress induced by chronic inflammation could
create a microenvironment favorable to cancer progres-
sion in obesity (27). Obesity-induced inflammation involves
other inflammatory components including matrix metallo-
proteinases that are involved in breast cancer invasion and
metastasis (28). The increased amounts of matrix metallo-
proteinases in obesity and their role in the process of mature
adipocytes might represent a potential molecular association
between obesity and breast cancer (29).

Adipokines. Adipose tissue produces several types of hor-
mones and cytokines, called adipokines. These adipokines
are mainly secreted from adipocytes and stromal cells.
Among the several adipokines, leptin and adiponectin are
the major contributing factors for obesity-associated breast
cancer development (30).

Leptin plays a crucial role in regulating energy balance by
decreasing appetite and increasing metabolism (31). The in-
creased concentrations of leptin are strongly correlated with
obese individuals because of its increased release from adi-
pocytes (32). The low concentrations of plasma leptin de-
crease the risk of breast cancer in premenopausal women;
however, high levels of leptin are positively correlated with
breast cancer risk in postmenopausal women (33). Leptin
and its receptor are highly expressed in breast tumors in as-
sociation with distant metastasis (34, 35). Leptin receptors
activate multiple signaling networks, such as phosphatidyl-
inositol 3-kinase, MAPK, and signal transducer and activa-
tor of transcription (STAT) systems (36). Several studies
have reported that leptin amplifies estrogen signaling by in-
creasing aromatase activity (37) or by the transactivation of
estrogen receptor « (ERa) via extracellular signal-regulated
kinase and STAT3 signaling pathways in cancer cells (38).
Our recent study showed that leptin increases the expression
of human telomerase reverse transcriptase (WTERT) via the
transactivation of ERa in breast and ovarian cancer cells
(12). Collectively, leptin acts as proliferative, anti-apoptotic
self-renewal and angiogenesis and is a survival factor in
obesity-linked breast cancer.

Adiponectin is mainly secreted by adipocytes and has im-
portant anti-inflammatory and insulin-sensitizing effects
(39). The serum concentrations of adiponectin are inversely
related to obesity and the risk of breast cancer. However, a
few studies suggested that this inverse correlation occurs
only in postmenopausal, and not in premenopausal,
women, and this might be because of the changes in the con-
centrations of female sex hormones, especially estrogen (40,
41). Adiponectin has anticancer effects from increased
insulin sensitivity and the activation of AMP-activated pro-
tein kinase and inactivation of MAPK pathways (42).
Adiponectin-mediated activation of AMP-activated protein
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kinase inhibits phosphorylation of protein kinase B (AKT)
through protein phosphatase-2 activity, which leads to a re-
duction in the invasion of breast cancer cells (43). Thus, adi-
ponectin is known to be an antiproliferative apoptosis
inducer and an inhibitor of angiogenesis and metastasis in
obesity-associated breast cancer.

Sex hormones. A high concentration of sex steroids pro-
duced by fat tissue is a well-known mechanism for the
progression of cancers, including breast, ovarian, and en-
dometrium, that are linked to hormones. Studies have
shown that increased circulating concentrations of dehy-
droepiandrosterone, A4-androstenedione, testosterone, and
estradiol and decreased concentrations of sex hormone-
binding globulin increase the postmenopausal risk of breast
cancer (44). Particularly, the increased production of estra-
diol from androgenic precursors by aromatase activity in ad-
ipose tissue is the predominant mechanism that explains the
increased risk of breast cancer from obesity in postmeno-
pausal women. This association was strongly linked with
luminal subtypes (ER/progesterone receptor—positive) of
breast cancer (45). In addition, the rise in circulating con-
centrations of androgen is also associated with an increased
risk of pre- and postmenopausal breast cancer, suggest-
ing the possible role of androgen in obesity-associated
breast cancer (46). Likewise, the development and pro-
gression of breast cancer regulation by sex steroids are
well established.

Role of miRNAs in Obesity-Associated

Breast Cancer

miRNA function

Two decades ago, the central dogma of molecular biology
was that genetic information is transferred from DNA to
protein by mRNA. However, a new class of RNA regulatory
genes, called miRNAs, recently has been found to have
structural, catalytic, and/or regulatory functions, including
genetic regulation in the cells (47). The miRNA genes or in-
trons are transcribed by RNA polymerase II to yield primary
miRNAs in the nucleus and further processed by Drosha to
release pre-miRNAs. The pre-miRNAs are transported into
the cytoplasm by exportin-5, which leads to the liberation
of mature miRNAs. miRNAs are able to regulate genes at
the posttranscriptional level by binding to the 3'-untranslated
region (3'UTR) of target mRNAs. This results in the cleavage
of target mRNA degradation by the argonaute-containing
RNA-induced silencing complex or a decreased translation
rate (48). Currently, >2500 miRNAs have been identified
in humans (miRBase v21, September 2016), and ~60% of
the human genomes have been predicted to be miRNA targets
(49). Through the regulation of mRNA expression, miRNAs
have been found to regulate normal and pathologic cellular
processes including cancer, obesity, diabetes, and drug
resistance (10). Interestingly, chronic diseases that have
different pathological etiologies may share similarities in
their molecular processes. In this context, it is now evident



that some specific miRNA could be a mutual factor between
obesity and cancer (10).

Although most of the miRNAs are found in the cellular
microenvironment, a number of circulating or extracellular
miRNAs (EC miRNAs) have been detected in extracellular
environments, such as biological fluids and cell culture me-
dias, which are considered real-time “liquid biopsies” (50).
Studies have shown that miRNAs are found in blood and bi-
ological fluids, such as breast milk, saliva, urine, colostrum,
and bronchial lavage, peritoneal, cerebrospinal, and seminal
fluids (51). EC miRNAs are more stable and long lasting
under harsh conditions compared with cellular miRNAs,
which are easily degraded in the extracellular environment.
Thus, it is clear that EC miRNAs are resistant to ribonucle-
ase activity by some protective mechanisms in the extracel-
lular environment. Several mechanisms have been proposed
to demonstrate how miRNAs are released and protected
from the endogenous ribonuclease activity in circulation.
One of the mechanisms suggested that miRNAs are encap-
sulated in exosomes, membrane vesicles, and microvesicles
along with mRNAs and proteins. Further, exosomes play im-
portant roles in cell-to-cell communication (52). miRNAs
present in microvesicles are released from secreting cells,
whereas miRNAs as free oligonucleotides without exo-
somes are released from other cell types (53). Physiological
and pathological processes, including pregnancy and tu-
mors, may be altered the level of EC miRNAs. The ability
of EC miRNAs to be transferred from one cell to another
cell suggests that EC miRNAs act as hormones and should
have a receptor with which miRNAs interact. Several EC
miRNAs receptors have been proposed; among them, the
TLR family is most important and interesting. According
to specific miRNA patterns, tumor cells also release miRNAs
and alter the normal concentrations in the biological fluids
(52). Hence, these EC miRNAs could serve as cancer bio-
markers. In the following sections, we update the most recently
documented evidence of the regulatory role of miRNAs in
obesity, breast cancer, and obesity-associated breast cancer

(Figure 1).

Role of miRNAs in breast cancer

miRNAs are known to be dysregulated in all types of can-
cer, including breast cancer, and play a major role in cell
differentiation, proliferation, apoptosis, tumorigenesis,
metastasis, and drug resistance (54). Based on the expres-
sion and function of miRNA in breast cancer progression,
they can be classified as a tumor suppressor miRNAs (tsmiRs)
and oncogenic miRNAs (oncomiRs). tsmiRs are located in
fragile sites caused by genomic deletion, mutation, and epige-
netic silencing, which leads to the loss of function of tsmiRs
and results in upregulation of their target oncogenes
(55). oncomiRs are located in chromosomal regions that
are amplified and translocated in a gene, which leads to up-
regulation of oncomiRs and results in suppression of their
target tumor-suppressor genes in cancer cells (56). The on-
comiRs and tsmiRs with their most important targets and
functions that are involved in the pathogenesis of breast

cancer are summarized in Table 2. In this section, we focus
on the impact of miRNA regulation on critical regulators of
breast cancer, including tumor initiation, proliferation, me-
tastasis, apoptosis, and drug resistance.

Cancer-initiating cells or cancer stem-like cells (CSCs)
that have deregulated biological properties of normal stem
cells are considered responsible for tumor initiation, devel-
opment, and progression. The breast CSCs were the first
CSCs identified in human solid breast tumors (92). CSCs
have been described as displaying a specific miRNA profile.
Some miRNAs have been associated with the inhibition of
CSCs, including miR-200c-141, miR-200b-200a-429, and
miR-183-96-182 (93). In addition, Harvey-RAS (H-Ras)
and high-mobility group AT-hook 2 (HMGA2) are targeted
by let-7, which leads to the suppression of breast CSC self-
renewal and differentiation (94). Wnt/B-catenin signaling
is targeted by miR-1, which results in the inhibition of breast
CSC proliferation and migration (58). Collectively, these
miRNAs play important roles in the regulation of breast
CSC tumor seeding, self-renewal capacity, and metastasis.

Metastasis causes 90% of cancer deaths that are involved
in the multistep process for cancer aggressiveness (95). Ep-
ithelial mesenchymal transition (EMT) has been shown to
contribute to breast metastatic tumor progression, particu-
larly at specific stages (i.e., invasion and migration) where
tumor cells disassemble and migrate to tissue and organ sites
distant from the primary tumors (96). It is critical to under-
stand the genes involved in the progression of metastasis
from primary tumor sites. In this context, several miRNAs
have been found to regulate breast cancer metastasis. For
instance, miR-10b and miR-21 have been associated with
the promotion of breast cancer cell migration and inva-
sion through the regulation of EMT (97-100). In con-
trast, several miRNAs may act as breast cancer metastasis-
suppressive miRNAs, including miR-29b, miR-34a, miR-126,
miR-200, miR-206, and miR-335, through the inhibition
of metastatic cell invasion and migration (101, 102). The
miR-200 family inhibits the EMT phenotype by targeting
cadherin-1 (CDHI) transcriptional repressors zinc finger
E-box binding homeobox 1 and 2 (ZEBI and 2) (103).
miR-34a targets p53 mRNA, which leads to the inhibition
of invasive breast cancer cells through the repression of
SNAIL and EMT (104). Therefore, these miRNAs play a ma-
jor role in the regulation of metastasis and EMT in breast
cancer cells.

Surgery in combination with adjuvant therapy, such as
cytotoxic anticancer drugs, hormonal therapy, and targeted
drugs, is the major treatment of breast cancer patients.
There are several mechanisms that have been proposed for
drug resistance to chemotherapeutic agents, such as the al-
teration of ATP-binding cassette drug transporters that
efflux anticancer agents, perturbations in epigenetic modifi-
cations, the induction of cell-survival and antiapoptotic
pathways, and changes in the availability of drug targets
(105-107). In addition to these well-known mechanisms
of drug resistance, multiple miRNAs have been recently
identified as critical regulators of the acquisition of drug
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resistance in breast cancer. For instance, miR-451 increases
the doxorubicin sensitivity via direct targeting of the multi-
drug resistance 1 (mdrl) gene, an essential factor in drug re-
sistance (86). miR-7 and miR-345 directly target 3'-UTR of
the multidrug resistance—associated protein-2 (MRP2), re-
sulting in the increased sensitivity of cisplatin in Michigan
cancer foundation (MCF) 7 cells (59). Hence, the miRNA-
regulated reversing of drug resistance through drug trans-
porters and drug metabolic enzymes is very important for
establishing effective chemotherapeutic agents.

Studies have shown that miRNAs have a role in regulating
TLR signaling that modulates immune response and inflam-
mation in breast cancer. For example, polyinosinic:polycyti-
dylic acid—mediated activation of TLR3 induces upregulation
of miR-29b, miR-29¢, miR-148b, and miR-152 in breast can-
cer cells, leading to demethylation of retinoic acid receptor
B (RARB) and increasing breast cancer sensitivity to reti-
noic acid (108).

Serological biomarkers, such as carcinoembryonic antigen,
a soluble form of mucin 1 protein (cancer antigens 15—
3 and 27.29), and circulating cytokeratin fragments
(tissue-type plasminogen activator, trehalose 6-phosphate
synthase, and cytokeratin-19 fragment), are considered potential
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cancer biomarkers; however, they have low specificity and
sensitivity as alternatives to biopsy and imaging (109).
Hence, there is a need to develop low-cost and noninvasive
cancer biomarkers to enhance therapy and provide informa-
tion on chemoresistance and the risk of relapses. A liquid
biopsy is a noninvasive concept of using body fluids, such
as blood, saliva, urine, and more recently milk, as sources
of circulating cells or cell components to provide informa-
tion on cancer target tissues. It can be used for early diagno-
sis, tumor staging, analysis of the risk of metastasis, and real-
time monitoring of therapies. Although liquid biopsy used
to be the study of circulating cells, now it has been extended
to other cell components, such as circulating DNA, miRNA,
microvesicles, and exosomes (110). miRNAs produced from
breast cancer tumors are circulated into the blood and milk,
but most of the studies have been focused only on blood and
few on urine. For instance, miR-1, miR-16, miR-21, and
miR-103 were isolated in blood and used as diagnostic, stag-
ing, and prognostic biomarkers for breast cancer. miR-21,
miR-125b, miR-155, and miR-451 were found in the urine
of breast cancer patients (53, 111). A recent study showed
evidence that milk contains high concentrations of miRNAs,
and this could be used to evaluate the health status of mammary



TABLE 2 miRNAs regulated in breast cancer’

Up-/
miRNA Downregulation Functions Target genes References
Let-7 Down Inhibits proliferation and metastasis HMGA2, H-RAS, K-RAS, c-MYC, CCND2, PBX3 57
miR-1 Down Inhibits proliferation and migration FRIZZLED 7, TANKYRASE 2 58
miR-7 Down Promotes drug sensitivity MRP2 59
miR-9a Up Promotes metastasis CDH1 57
miR-10a Down Inhibits proliferation RARB, THRa 60
miR-10b Up Promotes migration, invasion, and metastasis HOXD10, SYNDECAN 1 57
miR-15a Down Inhibits metastasis and induces apoptosis BCL-2, E2F 57
miR-15b Up Promotes migration MTSST 61
miR-16a Down Inhibits metastasis and induces apoptosis WIP1, BCL-2, E2F, CDK6, CCND1 57
miR-17-5p Down Inhibits proliferation AlBT 62
miR-19a-3p Down Inhibits proliferation, metastasis, and angiogenesis FRAT, STAT3, VEGF 57
miR-20a/b Up Promotes proliferation, angiogenesis, and metastasis CCNDT, PTEN, HIF-1a 57,63
miR-21 Up Promotes proliferation, metastasis, and EMT PDCDA4, PTEN, CDC25, MSH2, MESPIN 57
miR-22 Down Inhibits metastasis CDKe, SIRTI1, SP1 57
miR-26a Down Inhibits proliferation and metastasis GREB1, MTDH, CCND2, CCNE2 57
miR-27a Up Promotes cell viability and cell cycle ZBTB4, ST4, MYTI1, FOXO1 64
miR-29b Down Inhibits metastasis and angiogenesis ITGB1, MMP2, TIAM1 65
miR-30a Down Inhibits proliferation and metastasis MTDH 66
miR-30c Down Promotes drug sensitivity TWFT, IL-11 67, 68
miR-31 Down Promotes drug sensitivity and inhibits metastasis RHOA, RADIXIN, IGA5, PRKCE 65, 69
miR-34(a,b,c) Down Induces apoptosis and inhibits proliferation CCND1, FRAT, c-MYC, NOTCH 1, EYA2, CDK4/6, 57
CCND1, SIRT1, AXL
miR-93 Up Promotes angiogenesis and metastasis LATS2 70
miR-96 Up Promotes cell viability and cell cycle FOXO1 64
miR-103/107 Up Promotes migration and global miRNA biogenesis  DICER, DAPK4, KLF4 71
miR-106b Up Promotes invasion and metastasis p21, AIB1, pRB, BRMS1, CDKNTA 72,73
miR-124 Down Inhibits metastasis SLUG, EZH2, ROCK2, CDK4 57
miR-125a-5p Down Inhibits proliferation HDAC4/5, HER3, HUR 57
miR-125b Down Inhibits cell proliferation, invasion, and metastasis EPOR, ENPEP, CK-a,, HER2 57
miR-126 Down Inhibits cell proliferation, invasion, and metastasis IGFBP2, PITPNC1, MERTK, VEGF 57
miR-128 Down Inhibits self-renewal BMI-1, ABCCH 74
miR-142 Up Promotes self-renewal APC 75
miR-142-3p Down Inhibits proliferation, invasion, and metastasis WASL, ITGa,, RACT, COFLIN2 76
miR-143 Down Inhibits proliferation and metastasis HER3, DNMT3 57,77
miR-145 Down Inhibits proliferation, angiogenesis, and metastasis EGFR, c-MYC, VEGF, N-CDH, HIF-2ae, MUCIN 1, 57
HER3, ROCK1
miR-146a/b Down Inhibits proliferation and metastasis ICAM1, NF-kB, STAT3 57
miR-155 Up Promotes proliferation, metastasis, and telomere RHOA, CXCR4, SOX1, p53, FOXO3 57
length
miR-181a Up Inhibits apoptosis ATM 57
miR-181b-3p Up Promotes invasion and metastasis SMAD3, YWHAG 78
miR-182 Up Invasion and metastasis BRCA1, FOXO1 57,64
miR-185 Down Inhibits proliferation DNMTT 79
miR-194 Down Inhibits metastasis TALIN 2 57
miR-199b-5p Down Inhibits proliferation HER2 57
miR-200a Down Inhibits migration SLUG, BMI-1, ZEB1/2, EPH2 57, 80
miR-200b Down Inhibits cell proliferation and induces apoptosis SP1 81
miR-200c Down Inhibits self-renewal and metastasis BMI-1, ZEB1/2 57
miR-205 Down Inhibits proliferation and metastasis HER3, p53 57
miR-206 Down Inhibits cell growth, metastasis, and drug sensitivity — ERa, CCND2 57
miR-216b Down Inhibits cell growth and metastasis P2 X 7 SDCBP 57,82
miR-221/222 Up Promotes drug resistance and cell proliferation and is  ERer, PTEN, p57, p27 57,83
antiapoptotic
miR-301a Up Promotes proliferation and metastasis PTEN 57
miR-326 Down Promotes drug sensitivity ABCCT 84
miR-328 Down Promotes drug sensitivity ABCG2 85
miR-335 Down Induces apoptosis and inhibits metastasis SOX4, TENASCIN ¢, SP1, BCL-2 57
miR-345 Down Promotes drug sensitivity MRP2 59
miR-339-5p Down Induces apoptosis BCL-6 57
miR-342 Down Inhibits proliferation EGFR, HER2, AKT, PKC 57
miR-373/520c Up Promotes invasion and metastasis CD44 57
miR-429 Down Inhibits cell proliferation and metastasis ZEB1, TUBB2A, CRKL 57
(Continued)
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TABLE 2 (Continued)

Up-/
miRNA Downregulation Functions Target genes References
miR-451 Down Promotes drug sensitivity MDR1 86
miR-487a Down Promotes drug sensitivity ABCG2 87
miR-489 Down Promotes drug sensitivity SMAD3 88
miR-491-5p Down Promotes proliferation JMJD2B, EGFR, HER2 57,89
miR-495 Up Promotes proliferation and hypoxia resistance CDH]I, REDD1 90
miR-498 Down Induces apoptosis and inhibits proliferation and hTERT, HER2 13,91
metastasis
miR-708 Down Inhibits metastasis NEURONATIN 57
miR-888 Up Promotes metastasis CDHI, ACTy1, CDC42 57

! ABCC, ATP-binding cassette subfamily C member; ABCG2, ATP-binding cassette sub-family G member 2; ACTy1, actin gamma 1; AIB1, amplified in breast cancer 1; AKT, protein
kinase B; APC, activated protein C; ATM, ataxia-telangiectasia mutated; AXL, axillary lymphoscintigraphy; BCL, B-cell ymphoma; BMI-1, B lymphoma Moloney murine leukemia
virus insertion region 1 homolog; BRCAT, breast cancer type 1 susceptibility protein; BRMST, breast cancer metastasis-suppressor 1; CCND, cyclin D; CCNE2, G1/S-specific cyclin-E2;
CDC, cell division cycle; CDH1, cadherin-1; CDK, cyclin-dependent kinase; CDKNTA, cyclin dependent kinase inhibitor 1A; CD44, cluster of differentiation 44; CK-a, cytokeratin-o;
¢-MYC, avian myeloblastosis; CRKL, crk-like protein; CXCR4, C-X-C chemokine receptor type 4; DAPK4, death-associated protein kinase 4; DNMT, DNA (cytosine-5)-
methyltransferase; EGFR, epidermal growth factor receptor; EMT, epithelial mesenchymal transition; ENPEP, glutamyl aminopeptidase; EPH2, erythropoietin-producing
human hepatocellular receptors 2; EPOR, erythropoietin receptor; ERa, estrogen receptor alpha; EYA2, eyes absent 2; EZH2, enhancer of zeste homolog 2; FOX, forkhead
box protein; FRAT, fos-related antigen-1; GREBI, gene regulated by estrogen in breast cancer-1; HDAC4/5, histone deacetylase 4/5; HER, human epidermal growth factor
receptor; HIF, hypoxia-inducible factor; HMGA, high-mobility group AT-hook; HOXD10, homeobox 10; H-RAS, Harvey rat sarcoma; hTERT, human telomerase reverse
transcriptase; HUR, human antigen R; ICAMI, intercellular adhesion molecule 1; IGAS5, immunoglobulin AS5; IGFBP2, insulin-like growth factor-binding protein 2; /TG,
integrin; JMJD2B, jumonji domain-containing protein 2B; KLF4, kruppel-like factor 4; K-RAS, kirsten rat sarcoma; LATS2, large tumor suppressor kinase 2; MDR1, multidrug
resistance protein 1; MERTK, c-Mer tyrosine kinase; miRNA, microRNA; MMP, matrix metalloproteinase; MRP2, multidrug resistance protein; MSH2, mutS protein homolog 2;
MTDH, metadherin; MTSST, metastasis suppressor 1; MYT1, myelin transcription factor 1; N-CDH, N-Cadherin; P2 X 7, P2 X purinoceptor 7; PBX3, pre B cell leukemia
transcription factor 3; PDCD4, programmed cell death 4; PITPNCI, phosphatidylinositol transfer protein cytoplasmic 1; PKC, protein kinase C; pRB, retinoblastoma protein;
PRKCE, protein kinase C epsilon; PTEN, phosphatase and tensin homolog; RACI, ras-related C3 botulinum toxin substrate 1; RARB, retinoic acid receptor (3; REDDI,
regulated in development and DNA damage response 1; RHOA, ras homolog gene family, member A; ROCK, p-associated protein kinase; SDCBP, syndecan binding
protein; SIRT1, Sirtuin1; SMAD3, mothers against decapentaplegic homolog 3; SOX, sex determining region Y box; SP, specificity protein; STAT3, signal transducer and activator of
transcription 3; ST4, suppression of tumorigenicity 4; THRe, thyroid hormone receptor «; TIAM1, T-lymphoma invasion and metastasis 1; TUBB2A, tubulin beta-2A; TWFT, twinfilin
actin-binding protein homolog 1; VEGF, vascular endothelial growth factor; WASL, Wiskott-Aldrich syndrome-like; WIPT, wt-p53-induced phosphatase; YWHAG, tyrosine
3-monooxygenase/tryptophan 5-monooxygenase; ZBTB4, zinc finger BTB broad complex/tramtrack/bric-a-brac domain protein 4; ZEB1/2, zinc finger E-box-binding homeobox 1/2.

glands during lactation and breast cancer progression (51).
The serological expression of miR-21, miR-210, and miR-373
were increased in breast cancer patients by trastuzumab with
neoadjuvant chemotherapy (112), suggesting that miRNAs
can be used to monitor therapy.

Role of miRNAs in obesity

Adipose tissue is a major contributor to the pathophysiology
of obesity. The progression of adipogenesis has 2 phases, de-
termination and maturation. During the determination
phase, adipocyte precursor cells are produced from embry-
onic stem cells or mesenchymal stem cells, which leads to
the differentiation of adipocyte precursor cells into preadi-
pocytes. The maturation phase is the terminal differentiation
of preadipocytes, in which preadipocytes are converted into
mature adipocytes and subsequently generate new small fat
cells and lipid content (113). These complex processes are
regulated by several transcription factors, including PPARYy,
members of CCAAT/enhancer-binding family of proteins
(C/EBP), adipocyte determination and differentiation-
dependent factor 1 (ADD1I), sterol regulatory element-binding
protein 1 (SREBPI), and extracellular hormones (113, 114).
In recent years, there has been substantial attention paid to
the role of miRNAs in regulating adipogenesis and obesity
(115) (Table 3). miRNAs can enhance or suppress adipo-
genic differentiation of mesenchymal stem cells (MSCs) and
mature adipocyte differentiation by regulating transcrip-
tion factors and signaling pathways related to adipogenesis.
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Knockdown of enzymes involved in miRNAs biogenesis,
such as Drosha and Dicer, inhibited the adipocyte differen-
tiation in human MSCs (133), demonstrating the role of
miRNAs in adipocyte development (119). Inhibition of
Dicer in 3T3-L1 cells (mouse preadipocytes) resulted in
the suppression of adipogenesis through the downregula-
tion of adipocyte markers, including Ppary, Tnf-a, and
fatty acid-binding protein 4 (FabpP4) (136). Overexpres-
sion of miR-155 and miR-221/222 inhibits adipogenesis in
human MSCs through the targeting of PPARy, C/EBPa, and
p27 transcripts (137).

A large panel of miRNA screening studies in human pre-
adipocyte cells with the use of antisense oligonucleotides
demonstrated that the knockdown of miR-9 and miR-143
suppresses adipogenic markers such as glucose transporter
type 4 (GLUT4), hormone-sensitive lipase (HSL), FABP ad-
ipocyte 2 (FABPAP2), PPARYy2, and TG accumulation (138).
Interestingly, some miRNAs have a dual role in adipogenesis.
For example, during the terminal differentiation of adipo-
cytes, ectopic expression of miR-143 enhances adipogenesis
by targeting MAPKK5-MAPK?7 signaling cascades, whereas
miR-143 inhibits adipocyte differentiation during clonal ex-
pansion (139). miR-369-5p inhibits the expression of adipo-
nectin C1Q and collagen domain-containing (ADIPOQ)
during adipogenesis by direct targeting of FABP4 (135). The
miR-30 family targets SREBPI, activin receptor-like kinase 2
(ALK2), and runt-related transcription factor 2 (RUNX2)
transcripts, which leads to enhancing adipocyte differentia-
tion (140). miR-27 and miR-130 suppress mouse and



TABLE 3 miRNAs regulated in obesity’

miRNA Up-/Downregulation Functions Target genes References
Let-7 Down Inhibits adipose tissue inflammation and adipogenesis Hmga2, CDC34 115,116
miR-8 Up Promotes adipogenesis and antagonizes Wnt signaling TCF 117
miR-14 Down Inhibits adipogenesis and regulator of intracellular P3SMAPK 117
TG and diglyceride content
miR-15a Up Reduces cell number but increases pre-adipocyte size DIk1 118
miR-17/92 Up Promotes adipogenesis Rb2/p130 119
miR-21 Up Promotes adipogenesis TGFBR2, Ap1 116, 120
miR-26 Up Promotes adipogenesis ADAM17 120
miR-27a/b Down Inhibits adipocyte differentiation Ppary, C/EBPa 116
miR-29 Up Promotes adipogenesis and insulin resistance Akt 117
miR-30a/d Up Promotes adipogenesis RUNX2 120
miR-30c Up Promotes adipogenesis PAI-1, ALK2 120
miR-31 Down Inhibits adipogenesis (Vebpa 116
miR-93 Up Promotes fat mass and insulin resistance Sirt7, TBX3 121
miR-103 Up Promotes adipogenesis PDK1, Wnt3a 116
miR-124 Up Promotes adipogenesis CREB 117
miR-125a-3p Up Promotes adipogenesis RhoA 122
miR-125b-3p Up Promotes adipogenesis MMPT1 123
miR-130 Down Inhibits adipogenesis Ppary 124
miR-132 Up Promotes adipocyte differentiation SIRT1 125
miR-138 Down Inhibits adipocyte differentiation EID-1 126
miR-141 Up Promotes insulin resistance YWHAG 127
miR-143 Down Inhibits adipogenesis Erk5, Mapk7 116, 120
miR-146b-5p Down Inhibits insulin signaling Sirt1, IRAK1, TRAF6 128
miR-150 Down Promotes adipose tissue inflammation and insulin Elk1, Etf1, Myb 129
resistance
miR-155 Down Inhibits adipocyte differentiation and brown C/EBPS 130
adipocyte-like phenotype
miR-181a Up Promotes adipocyte differentiation Tnfa 131
miR-193b Up Promotes adipocyte differentiation RUNX1 132
miR-199 Up Promotes adipocyte differentiation LIF 133
miR-204 Up Promotes adipocyte differentiation Runx2 120
miR-210 Up Promotes adipogenesis TCF712 120
miR-211 Up Promotes adipogenesis and blocks osteogenesis Runx2 117
in MSCs
miR-221/222 Down Inhibits adipogenesis CDKN1B 120
miR-223 Down Inhibits insulin resistance and inflammation Pknox1 134
miR-320 Up Promotes adipogenesis Runx2 120
miR-326 Down Inhibits adipogenesis C/ebpa 117
miR-335 Up Promotes adipogenesis RUNX2 120
miR-346 Up Promotes adipocytes and differentiation LIF 133
miR-369-5p Down Inhibits adipogenesis FABP4 135
miR-375 Up Promotes adipogenesis Erk1/2 17
miR-378/378* Up Promotes adipogenesis Ago2, KIf15, Fabp4, Fasn, 120
Scd-1, Resistin
miR-448 Down Inhibits adipogenesis Kifs 120
miR-483-5p Up Promotes adipogenesis ERK1 122
miR-519d Up Promotes adipogenesis PPARy 120
miR-637 Up Promotes adipogenesis OSTERIX 120

" ADAM17, disintegrin and metalloproteinase domain 17; Ago2, argonaute 2; Akt, protein kinase B; ALK2, activin receptor-like kinase 2; Ap1, activator protein 1; (/EBP, CCAAT-
enhancer-binding protein; CDC34, cell division cycle 34; CDKN18, cyclin-dependent kinase inhibitor 1b; CREB, cCAMP responsive element binding protein; DIk1, delta like
noncanonical notch ligand 1; EID-1, ela-like inhibitor of differentiation 1; Elk1, Ets-like transcription factor 1; ERK, extracellular signal-regulated kinase; Etf1, electron transfer
flavoprotein 1; FABP4, fatty acid-binding protein 4; Fasn, fatty acid synthase; Hmga2, high-mobility group AT-hook 2; IRAKT, IL-1 receptor-associated kinase 1; KIf, kruppel-
like factor; LIF, leukemia inhibitory factor; miRNA, microRNA; MMP11, matrix metalloproteinase 11; MSC, mesenchymal stem cell; Myb, myeloblastosis; PA-1, plasminogen
activator inhibitor-1; PDK1, pyruvate dehydrogenase kinase 1; Pknox!, PBX/knotted 1 homeobox 1; Rb2/pi130, retinoblastoma-like protein 2; RhoA, ras homolog gene
family; RUNX, runt-related transcription factor; Scd-1, stearoyl-CoA desaturase-1; SIRT, Sirtuin; TBX3, T-box transcription factor 3; TCF, T cell factor; TCF7L2, transcription factor
7-like 2; TGFBR2, TGF beta receptor 2; TRAF6, TNF receptor-associated factor 6; Wnt3a, wnt family member 3A; YWHAG, tyrosine 3-monooxygenase/tryptophan 5-

MoNoOXygenase.

human adipocyte differentiation by directly inhibiting PPARy
(141, 124).

Several miRNAs have been associated with insulin resis-
tance. For instance, miR-221 is upregulated by targeting
TNF-a and adiponectin receptor 1 (ADIPORI) in obesity,

which contributes to the development of insulin resistance
(142). The development of obesity-associated insulin re-
sistance is impaired in miR-143 knockout mice. Insulin-
induced AKT kinase activation and glucose homeostasis
are reduced in transgenic mice with miR-143. The expression
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of miR-143 is increased in the liver of genetically modified
obese mouse models (143). The expression of miR-93 is
negatively correlated with insulin sensitivity in women
with an insulin-resistant condition (121). Multiple miRNAs,
such as miR-27a and miR-222, are upregulated in 3T3-L1
adipocyte cells incubated with extracellular glucose, which
leads to increased insulin resistance (144). In insulin-
resistant 3T3-L1 adipocytes cells, inhibition of miR-320
modulates the expression of p85 and the phosphorylation
of AKT and GLUT4, which leads to increasing insulin sensi-
tivity and glucose uptake (145).

Adipose tissue dysfunction due to chronic inflammation
is a hallmark feature of obesity. The increased infiltration of
macrophages and release of inflammatory cytokines, includ-
ing chemokine (C-C motif) ligand 2, TNF-a, and IL-6, im-
pair insulin signaling and endothelial dysfunction, resulting
in insulin resistance (146, 147). Several individual miRNAs
have been demonstrated to have important roles in inflam-
mation. In response to inflammatory cytokines TNF-a and
IL-6, the expression of miR-146b was significantly increased in
human differentiated adipocytes (148). In contrast, miR-221
expression was decreased in response to either leptin or
TNF-a in human preadipocytes (142). Interestingly, the
expression of miR-132 is downregulated in white adipose
tissue from patients with obesity (149). The mRNA and
protein concentrations of adiponectin were increased by ec-
topic expression of miR-21 in mouse adipocyte cells (150).
In response to adiponectin, the expression of miR-155 was
markedly increased by jun nuclear kinase (JNK)-NF-kB-
dependent mechanisms in mouse macrophage cells (151).
Thus, miRNAs could regulate adipocyte differentiation, in-
sulin sensitivity, and inflammation by targeting genes, in-
cluding adipogenic transcription factors, activating
macrophages, and signaling cascades.

Role of miRNAs in obesity-associated breast cancer
Although insulin resistance, chronic inflammation, adi-
pokines, and sex hormones have been proposed as mech-
anisms of action for obesity-induced breast cancer,
miRNAs represent another molecular mechanism for the
regulation of breast cancer by obesity-related mechanisms.
However, the role of miRNAs in the hallmark of cancer
processes, such as cell proliferation, angiogenesis, and
EMT, are beginning to be associated with obesity. The
activity of Dicer, a miR-processing machinery gene,
has been influenced by the regulation of obesity (152)
and breast cancer (153). Multiple specific miRNAs that
regulate obesity have also been involved in breast cancer
(Table 4). As described in the previous section, adipo-
kines play an important role in the pathogenesis of obesity
by increased concentrations of leptin and decreased con-
centrations of adiponectin. This process has been associ-
ated with an altered expression of miRNAs, including
let-7, miR-27, and miR-143, which links to both obesity
(115) and cancer (154). Further, these miRNAs have
been shown to regulate PPARYy, which is known as a
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TABLE 4 Uniquely regulated miRNAs in breast cancer, obesity,
and obesity-associated breast cancer’

Up-/Downregulation of miRNAs

Breast Obesity-associated breast

miRNA cancer Obesity cancer
let-7 Down Down —
miR-21 Up Up —
miR-30c Down Up —
miR-31 Down Down —
miR-93 Up Up —
miR-124 Down Up —
miR-143 Down Down —
miR-155 Up Down —
miR-181a Up Up —
miR-221/ Up Down —

222

miR-302b Up — Up
miR-326 Down Down —
miR-335 Down Up —
miR-498 Down — Down

" miRNA, microRNA.

negative regulator of carcinogenesis, suggesting that these
miRNAs play a vital role in obesity and cancer. miR-31 is
known for inhibiting cell proliferation and metastasis in
breast cancer (155), and it also inhibits adipogenesis by
directly targeting C/EBPa (156).

Interestingly, studies showed that miR-138 targets ela-
like inhibitor of differentiation 1 (EID-1), which is thought
to be involved in reentry into the cell cycle with the tran-
scriptional activation of genes responsible for cell differenti-
ation and negative regulation of adipogenesis, suggesting the
potential role of miR-138 in obesity and cancer (126). The
decreased expression of miR-143 during adipogenesis
mimics the effect of TNF-a treatment of differentiated adi-
pocytes (138). miR-143 has also been linked to breast cancer
by targeting human epidermal growth factor receptor
3 (HER3), which results in inhibition of cell proliferation
and metastasis (157). Similarly, miR-335 has been impli-
cated in insulin secretion, which leads to differential regula-
tion of glucose metabolism in the nonobese diabetic model
(158), and is also involved in the cell cycle proliferation and
metastasis of breast cancer cells (101, 159). Another well-
characterized miRNA, miR-9, plays a role in insulin produc-
tion and trafficking (160) and cancer metastasis (161). Our
recent investigation has suggested that a mechanistic in-
volvement of miR-498 suppresses leptin-induced in vitro
and in vivo tumor growth (12). A recent study demonstrated
that breast cancer cells that coculture with immature adipo-
cytes or cytokines upregulate miR-302b via activation of
SRC, sex determining region Y box-2 (SOX2), and avian my-
eloblastosis (c-MYC), which leads to an increase in the
tumor-initiating cell abundance and metastatic progression
(162).

Uniquely expressed and shared miRNAs between breast
cancer and obesity are presented in a Venn diagram (Figure 2).
The results showed that 13 of 103 miRNAs (let-7, miR-21,
miR-30c, miR-31, miR-93, miR-124, miR-143, miR-155,
miR-181a, miR-326, and miR-335) were commonly regulated



Breast cancer

Obesity-associated breast cancer

FIGURE 2 The Venn diagram shows the number of uniquely
regulated microRNAs between breast cancer, obesity, and
obesity-associated breast cancer. The yellow arrow indicates
upregulation, and the red arrow indicates downregulation.

in both breast cancer and obesity. In addition, there are 2
miRNAs, miR-302b and miR-498, that were commonly reg-
ulated in breast cancer and obesity-associated breast cancer
but not in obesity alone. The above studies have suggested
molecular evidence for the critical role of miRNAs in the
chronic diseases of obesity and breast cancer; however, the
functional consequences of miRNAs in obesity-associated
breast cancer are totally unknown. It is hoped that miRNAs
will serve as novel biomarkers and molecular targets for
obesity-associated breast cancer therapy.

Nutritional Modulation of miRNAs in Obesity-
Associated Breast Cancer
Nutrition

The metabolic syndrome and its chronic diseases are
known to be caused by unhealthy nutrients and dietary
components, imbalanced dietary energy intake, and expen-
diture on genetic factors. The healthy diet and lifestyle are
strongly associated with multimodal disease prevention
strategy. Recent studies have shown the impact of nutrients,
phytochemicals, and other bioactive functional foods on ep-
igenetic processes that have an important role in the regula-
tion of many target genes through modulation of miRNA
expression. Dietary components that alter endogenous
miRNA expression and function through epigenetic factors,
which leads to the regulation of several biological processes,
including cell proliferation, apoptosis, migration, invasion,
angiogenesis, insulin resistance, and adipokine synthesis,
are the basis of nutrigenomics science and are empowered
to reduce disease mortality (163). In addition to endogenous
miRNA, recent studies emphasize the role of exogenous

miRNA from dietary sources that are bioavailable and affect
gene expression in humans and mice (164). Nutrigenomics
is a promising approach to the prevention of obesity-linked
cancer because epigenetic changes occur frequently in obe-
sity and cancer. However, the studies examining the impact
of various dietary components on miRNA expression and
functions are little known. In this section, we provide exist-
ing and the most recent scientific proof that is related to the
impact of nutrients and dietary components on the modu-
lation of miRNA expression (Figure 3) in breast cancer (Ta-
ble 5) and obesity (Table 6).

Nutritional modulation of miRNAs in breast cancer

Vitamins are one of the essential nutrients involved in the
suppression of breast cancer through the regulation of
miRNA expression. Vitamin C induces the upregulation of
nuclear factor erythroid 2-related factor 2 (N7f2) and its re-
lated genes (superoxide dismutase and NAD(P)H:quinone
oxidoreductase) by suppressing miR-93 concentrations in
MCEF-10A and T47D cells. In response to vitamin C, Nrf2
expression increased through downregulation of miR-93 in
an August Copenhagen Irish rat model of 17-f estradiol-
induced mammary cancer (171). The active metabolite of
vitamin D (1,25-dihydroxycholecalciferol [1,25 (OH),Ds]) mod-
ulates miR-182 expression by targeting p53 and proliferating-
cell nuclear antigen (PCNA) expression levels, resulting in
protection of breast epithelial cells against cellular stress (165).
Our previous study demonstrated that 1,25 (OH),Ds—induced
upregulation of miR-498 binds to 3'UTR of hTERT, resulting
in a decrease of h"TERT mRNA stability, indicating that miR-498
is an immediate-response gene and mediates 1,25 (OH),D;
anti-cancer activity (13). Ectopic expression of miR-125b in-
hibits the anticancer effect of 1,25 (OH),D; by suppressing
vitamin D receptor expression in MCF-7 cells (191). These
findings suggest that vitamins may influence breast cancer pre-
vention and treatment by miRNA modulation.

FAs are another dietary component involved in the mod-
ulation of miRNA expression in breast cancer cells. For in-
stance, miR-31 is upregulated by butyrate, an SCFA and
known histone deacetylase inhibitor, resulting in downregu-
lation of the polycomb group protein B lymphoma Moloney
murine leukemia virus insertion region 1 homolog and in-
duces cellular senescence (170). Another important dietary
factor involved in the prevention of breast cancer is DHA,
an omega-3 FA, which is directly obtained from maternal
milk, fish oil, or algae oil or chemically synthesized from
a-linolenic acid. DHA has been to shown modulate miRNA
expression, which regulates the growth and metastatic genes,
such as colony-stimulating factor (CSF) 1. Treatment of
breast cancer cells with DHA downregulates the expression
of miR-21, which is highly expressed in breast cancer cells,
resulting in inhibition of CSF-I transcription by increasing
PTEN expression. Further, ectopic expression of miR-21 de-
creased the ability of DHA to downregulate CSF mRNA
expression in breast cancer cells (192).

Curcumin isolated from the rhizomes of turmeric (Cur-
cuma longa) has been shown to regulate cancer signaling

miRNAs regulation in nutrition 877



[ DIM ]éesveratrol}

@ . .

..0...;.........'0‘..‘.0....’....0.0.q...........
i i :

1

]

i

AAAAA boteataead &
Ll L

Polyphenols | quercetin

...“Q....I-.'...C...:h........Q...:’.......O

‘Linoleic
' acid

Proanthocyanidins

1
i
]
Ly

sesoeey veouohuvoe
i

1
1
i
@
]
i
i
'
i
§
g
i

hJ v v v
Let-7b, miR-26b, - iR . - =
: ! R-15. v miR-145, miR-27a, -155,
ples 2o T "2"1';,"1’;2] 663,744 | 103, -107,-122
-200c, -155 =

Bel-2, j{
CXCL-1/-2
\ Cdc25A, SOX4|

C/EBP-p,eEF1A2

l

Cyclin D1, D2, D3,
Rb1, Bcl-2, Cdk4,
PCNA, HMGA1,

GSK3b, RPSEKAS,
Caspase-2, myc,
hTERT, NF-xB

Promotes insulin sensitivity, drug
sensitivity, apoptosis and inhibits
adipogenesis, inflammation,
proliferation, angiogenesis, migration,

v
Sp1,Sp3,Sp4,
AKT2, PANK1,

ZBTB10, /

+
miR-107, miR-30b,
222 -33, 122

C/EBP-a, CPT1b, Fas, TGF-B,
Ucp2, GLUT4, RELA, FADS2,
PPAR-y, FASN, Abcal

TNF-o

[Obesity-associated]
| breast cancer

vasion, and metastasis

FIGURE 3 Modulation of miRNAs by dietary agents. Dietary age
quercetin, linoleic acid, and proanthocyanidins, modulate miRNAs
associated breast cancer. Abcal, ATP-binding cassette transporter
lymphoma 2; C/EBP, CCAAT/enhancer-binding family of proteins;

nts, such as vitamin D, curcumin, DIM, resveratrol, polyphenols,
that regulate different signaling molecules involved in obesity-
1; AKT, protein kinase B; AOAH, acyloxyacy! hydrolase; Bcl-2, B-cell
Cdc25A, cell division cycle 25A; Cdk4, cyclin-dependent kinase 4;

CPT1b, camitine palmitoyltransferase 1b; CXCL-1/-2, chemokine (C-X-C motif) ligands 1/2; DIM, 3,3’-diindolylmethane; eEF1A2,

eukaryotic translation elongation factor Ta 2; FADS2, fatty acid des

aturase 2; Fas, fatty acid synthase; FASN, fatty acid synthase; GLUT4,

glucose transporter type 4; GSK3b, glycogen synthase kinase-3 B; HMGAT, high-mobility group AT-hook 1; hTERT, human telomerase
reverse transcriptase; miRNA, microRNA; myc, avian myeloblastosis; PANK1, pantothenate kinase 1; PCNA, proliferating-cell nuclear
antigen; Rb1, retinoblastoma-associated protein 1; RELA, v-rel reticuloendotheliosis viral oncogene homolog A; RPS6KA6, ribosomal

protein S6 kinase; SOX4, sex determining region Y box-4; Sp, spec
broad complex/tramtrack/bric-a-brac domain containing 10.

pathways through miRNA expression in breast cancer. For
instance, the curcumin-induced upregulation of miR-15a
and miR-16 directly targets B-cell lymphoma 2 (BCL-2)
mRNA, a key anti-apoptotic protein, resulting in the induc-
tion of apoptosis and inhibition of cell proliferation in
MCE-7 breast cancer cells. The ability of curcumin to de-
crease BCL-2 expression was compromised when miR-15a
and miR-16 were silenced by oligonucleotides (166). An-
other well-studied curcumin-regulated miRNA in breast
cancer is miR-21, which mediates the anti-cancer effects of
curcumin by the suppression of PTEN/phosphatidylinositol
3-kinase/AKT, programmed cell death protein 4, and NF-kB
signaling pathways (193). Curcumin upregulates miR-181b,
thereby inhibiting inflammatory cytokines such as chemo-
kine (C-X-C motif) ligand 1/2, resulting in the suppression
of in vitro and in vivo breast cancer invasion (173).
Resveratrol (3,4,5-trihydroxystillbene) is a bioactive in-
gredient present in several plants including mulberries,
grapes, plums, and peanuts, and it possesses anticancer, an-
tioxidant, and anti-inflammatory properties. Several studies
have shown that the anticancer effects of resveratrol are me-
diated through miRNA expression. miR-663 is upregulated
in response to resveratrol, which is able to inhibit the elon-
gation factor 1o 1/2 (eEF1A2) mRNA level, leading to the in-
hibition of MCF-7 breast cancer cell proliferation (175).
Resveratrol treatment increased the expression of tumor
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ificity protein; Ucp2, uncoupling protein 2; ZBTB10, zinc finger and

suppressor miRNAs, including miR-141 and miR-200c,
which inhibit breast CSCs-like characteristics of MD Anderson-
metastatic breast-231 (MDA-MB-231) luc-D3H2LN derived
from MDA-MB-231 cells. In hormone mammary tumors,
miR-21, miR-129, miR-204, and miR-489 were upregulated,
and DNA methyltransferase 3b expression was downregu-
lated on resveratrol treatment (194).

The indole-3-carbinol, a glucosinolate found in cabbage,
kale, radish, cauliflower, and Brussels sprouts, undergoes a
rapid condensation reaction in the stomach, leading to the
formation of 3,3'-diindolylmethane (DIM). DIM has been
found to modulate genes involved in cell proliferation and
the cell cycle through miRNAs in breast cancer. The DIM-
activated aryl hydrocarbon receptor induces a highly con-
served miRNA cluster, named miR-212/132, which directly
targets the premetastatic SOX4 resulting in a decrease of
SOX4 mRNA expression in breast cancer cells. Interestingly,
ectopic expression of miR-212/132 inhibits the migration
and invasion of breast cancer cells, suggesting that an anticancer
effect of DIM is mediated through miR-212/132 to control
metastasis in breast cancer patients (174). DIM increased
the efficacy of herceptin in Sloan-Kettering Breast cancer 3
and MDA-MB-231 cells by inducing apoptosis and inhibiting
cell growth and colony formation through upregulation of
miR-200. Moreover, the ectopic expression of miR-200 in com-
bination with DIM and herceptin downregulates Forkhead



TABLE 5 Nutritional modulation of miRNAs in breast cancer’

Dietary Up-/ Experimental Target
component miRNA  Downregulation Cell type conditions genes Functions References
1,25 (OH),D3 Let-7b Up MCF12F cells 250 nM, 24 h CCND1/2/3, Inhibits cell proliferation 165
RB1, MYC, and induces apoptosis
CDK4
Curcumin miR-15a Up MCF-7 cells 60 UM, 24 h BCL-2 Inhibits cell proliferation 166
and induces apoptosis
Curcumin miR-16 Up MCF-7 cells 60 UM, 24 h BCL-2 Inhibits cell proliferation 166
and induces apoptosis
Diindolylmethane miR-21 Up MCF-7 and 30-60 uM, CDC25A Inhibits cell proliferation, 167
MDA-MB-468 24-96 h (in colony formation, and
cells and in vitro), 5 mg/kg in vivo tumor growth
vivo xenograft body weight 7 and induces cell cycle
tumor model wk (in vivo) arrest
Retinoic acid miR-21 Up T47D, MCF-7, and 1 uM, 6 h MASPIN, IL-18,  Inhibits cell growth and 168
MDA-MB-231 ICAM-1, PLAT ~ motility
cells
1,25 (OH),D3 miR-26b Down MCF12F cells 250 nM, 24 h RPSEKA6, PCNA,  Inhibits cell proliferation 165
HMGAT, and induces apoptosis
GSK3-B
Pomegranate miR-27a Down BT474 and 2.5-10 pg/mL, 24 SP1/3/4, Inhibits cell proliferation 169
polyphenols MDA-MB-231 h (in vitro), 0.8 ZBTB10 and in vivo tumor
cells and in mg/kg body growth and induces
vivo xenograft weight for 35 d apoptosis
tumor model
Butyrate miR-31 Up MDA-MB-231 4 mM, 4 h BMI-1 Induces cellular 170
cells senescence
Vitamin C miR-93 Down MCF-10A, T47D Rat fed with Nrf2, Ngol, Inhibits clonalibility, 171
cells, and rat vitaminCin1%  Sod3 mammosphere
mammary drinking water formation, migration,
gland for 240 d, and mammary tumor
1 mM, 48 h growth damage
Resveratrol miR-145 Up MDA-MB-231, 30 UM, 24 h C/EBP-B Suppresses cell 172
MCF-7, BT549 proliferation
cells
Pomegranate miR-155 Down BT474 and 2.5-10 pg/mL, AKT2 Inhibits cell proliferation 169
polyphenols MDA-MB-231 24 h (in vitro), and in vivo tumor
cells and in 0.8 mg/kg growth and induces
vivo xenograft body weight apoptosis
tumor model for 35 d (in
Vivo)
Curcumin miR-181b Up MDA-MB-231 25 uM, 6 h (in cXcLiz2 Inhibits cell proliferation 173
cells and in vitro), 0.1% for and in vivo tumor
vivo xenograft 35 d (in vivo) growth and induces
tumor model apoptosis
1,25 (OH),D3 miR-182 Down MCF12F cells 250 nM, 24 h CCND, BCL-2, Cell proliferation, 165
CASPASE-2 apoptosis
1,25 (OH),D5 miR-200b Down MCF12F cells 250 nM, 24 h CCND2, MYC Cell proliferation, 165
apoptosis
1,25 (OH),D3 miR-200c Down MCF12F cells 250 nM, 24 h MYC Cell proliferation, 165
apoptosis
DIM miR-212/132 Up MDA-MB-231, 25 uM, 48 h SOX4 Inhibits proliferation, 174
T47D migration and invasion
1,25 (OH),D3 mIiR-498 Up MCF-7 cells 100 nM, 24 h hTERT Inhibits cell proliferation 13
and metastasis and
induces apoptosis
Resveratrol miR-663 Up MCF-7 cells 100 UM, 24 h eEF1A2 Inhibits cell proliferation 175
Resveratrol miR-744 Up MCF-7 cells 100 uM, 24 h eEFI1A2 Inhibits cell proliferation 175

' AKT2, protein kinase B2; BCL-2, B-cell lymphoma 2; BMI-1, B lymphoma Moloney murine leukemia virus insertion region 1 homolog; (/EBPB, CCAAT-enhancer-binding protein ;
CCND, cyclin D; CDC25A, cell division cycle 25A; CDK4, cyclin-dependent kinase 4; CXCL1/2, chemokine (C-X-C motif) ligand 1/2; DIM, 3,3’-diindolylmethane; eEF1A2, elongation
factor Ta 2; GSK3-B, glycogen synthase kinase-3 ; HMGAT, high-mobility group AT-hook 1; hTERT, human telomerase reverse transcriptase; ICAM-1, intercellular adhesion
molecule 1; MDA-MB-231, MD Anderson-metastatic breast-231; miRNA, microRNA; MYC, avian myeloblastosis; Ngol, NAD(P)H dehydrogenase [quinone] 1; Nrf, nuclear
factor erythroid; PCNA, proliferating-cell nuclear antigen; PLAT, plasminogen activator tissue type; RB1, Retinoblastoma-associated protein 1; RPS6KA6, ribosomal protein S6
kinase; Sod3, superoxide dismutase 3; SOX4, sex determining region Y box-4; SP1/3/4, specificity protein 1/3/4; ZBTBI10, zinc finger and broad complex/tramtrack/bric-a-
brac domain containing 10; 1,25 (OH),Ds, 1,25-dihydroxycholecalciferol.
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box protein M1, which results in the suppression of breast
cancer cells (195).

Recently, food-borne or dietary miRNAs have been
shown to be very stable and to circulate in the blood, which
leads to the regulation of gene expression in multiple tissues
and plays an important role in cancer progression (196).
Studies showed that bovine miRNAs in cow milk and avian
miRNAs in chicken eggs are bioavailable through peripheral
blood mononuclear cells and apparently other peripheral
tissues (164, 197). The physiological concentrations of
these miRNAs affect gene expression in in vitro and in vivo
systems. The plasma concentrations of miR-29b and
miR-200c were decreased by 61% when mice fed a milk-
miRNA-deficient diet for 4 wk, demonstrating that endog-
enous miRNAs do not compensate for dietary miRNA
deficiency. The study reported that dietary miRNAs bind
to TLRs or by the surface antigen-mediated delivery of exo-
some, which leads to exhibit its biological effects on the cells
(198). A recent study suggested that cow milk contains >245
miRNAs, and it has been implicated in all aspects of health
and disease (197). For instance, enrichment of miR-22 de-
rived from mammary secretory cells inhibits estrogen sig-
naling by targeting ERa, which leads to the inhibition of
breast cancer progression (199). The plant-derived miRNAs
have a therapeutic potential role in breast cancer. Study has
shown that women’s serum containing plant miR-159 and
its concentration are inversely correlated with the morbidity
and progression of breast cancer (200). miR-159 was identi-
fied mostly in extracellular vesicles. Interestingly, synthetic
miR-159 directly targets the 3'UTR of transcription factor
7 (TCF7), which leads to the suppression of in vitro and
in vivo breast cancer cells (200).

Nutritional modulation of miRNAs in obesity

Only a few studies have investigated the effects of dietary
components and their derivatives on the expression of miR-
NAs that are involved in obesity and obesity-related meta-
bolic alterations in different experimental models.

Dietary polyphenols have been shown to improve dysli-
pidemia and insulin resistance by the modulation of specific
miRNAs. Proanthocyanidins, a rich polyphenol in diets, in-
creased the expression of ATP-binding cassette transporter
1 (ABCAI) by downregulating miR-33, which leads to in-
creasing the hepatic cholesterol efflux and the production
of new HDL cholesterol in hepatocytes of obese rats. In ad-
dition, proanthocyanidins also altered the expression of
miR-122 and its target gene, fatty acid synthase (Fasn),
which resulted in reduced lipogenesis in obese rats (183).
Chronic treatment with grape seed proanthocyanidin ex-
tract can increase the tolerance to lipid overload and post-
prandial lipemia in a dose-dependent manner by altering
miR-33a and miR-122 and their target genes (183). Polyphe-
nols extracts from the Hibiscus sabdariffa plant reduced fatty
liver disease by regulating lipid and glucose metabolism
through the modulation of miR-122, miR-103, and miR-
107 in diet-induced hyperlipidemic mice (180), suggesting
that miR-122, miR-103, and miR-107 may be considered
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therapeutic targets against obesity and its related metabolic
alterations.

A high-fat diet has been known to cause obesity and
obesity-related metabolic diseases that can modulate the
miRNA expression. The downregulation of miR-122 and
upregulation of hepatic IkB kinase and 3-oxidation—related
genes are seen in the offspring with the consumption of a
high-fat diet during pregnancy and lactation, resulting in
the disturbances of hepatic lipid metabolism in offspring
and in their childhood (201). Nonalcoholic fatty liver disease
(NAFLD) is characterized by excessive fat deposited (steato-
sis) in the liver, which leads to insulin resistance, hyperlipid-
emia, and obesity. A high-fat diet upregulates miR-103
and miR-107 in a mouse model of high-fat, diet-induced
NAFLD (202). Quercetin and coffee induced the expression
of miR-122, which prevents diet-induced liver steatosis in
mice (184, 203). Dietary lycopene downregulates Fabp7 by
the upregulation of miR-21 expression, which leads to the
reduction of intracellular lipid accumulation in the liver
(204). Experimental animal consumption of a methionine-
choline-deficient diet downregulates miR-122, resulting in
diet-induced NAFLD and liver steatosis (205)

CLA with dietary supplementation has been shown to re-
duce body fat stores in abdominal white adipose tissue and
increase lean body mass by enhancing lipolysis, fat oxida-
tion, and fat cell apoptosis and reducing the size of fat cells,
the uptake and storage of FAs, and the inhibition of enzymes
involved in lipid metabolism (206). CLA treatment in mice
significantly increased insulin sensitivity and decreased insu-
lin resistance by downregulating miR-103 and miR-107 in
mice fed a standard-fat diet, suggesting that miRNAs are reg-
ulated by dietary FAs in obesity (181). Fisetin, a flavonol
found in vegetables and fruits, has been shown to protect
fat accumulation by the downregulation of miR-378 in
mice fed a high-fat diet, indicating the protective role of di-
etary fisetin mediated through miRNA molecules on the
consequences of obesity (189).

Vitamin D modulates the intracellular mechanisms of in-
sulin action mediated by vitamin D receptor and insulin re-
ceptor substrate-1 in type 2 diabetic mice, indicating the
protective effects of vitamin D against obesity and its related
metabolic disorders. 1,25 (OH),Ds suppresses the differen-
tiation of preadipocytes by decreasing the expression of
adipogenesis-related genes in a dose-dependent manner,
suggesting that 1,25 (OH),D5 could regulate the posttrans-
lational expression of genes involved in lipid and glucose
metabolism. 1,25 (OH),D3 co-administered with testoster-
one upregulates the expression of miR-29a/b, which target
PPARa, leading to the alteration of lipid metabolism
(207). In addition, our recent study demonstrated that the
miR-498-mediated hTERT downregulation in response to
1,25 (OH),Ds is a key event in mediating the inhibition of
leptin signaling and high-fat-diet-induced tumor growth, sug-
gesting the role of 1,25 (OH),D; in obesity-linked cancer (12).

Vitamin E consists of 2 groups of compounds, including
tocopherols and tocotrienols, that can regulate miRNA ex-
pression. Rats fed a vitamin E—deficient diet decreased the



TABLE 6 Nutritional modulation of miRNAs in obesity’

Dietary Up-/ Experimental Target
component miRNA  Downregulation Cell type conditions genes Functions References
Epigallocatechin gallate Let-7a Up HepG2 cells 100 UM, 24 h K-RAS Glucose 176
metabolism
and insulin
sensitivity
Grape extract with miR-21 Up Human blood 139 mg phenolics and ~ TNFe, IL-18  Inflammatory 177
Resveratrol sample 8 mg resveratrol/d, 1y response
Cocoa miR-30b Down HepG2 cells 100 mg/L, 5 h TGFB, RELA,  Inflammation, 178
proanthocyanidins FADS2 NF-kB and
and grape seed PPAR signaling
proanthocyanidins
Grape seed miR-33 Down FAO cells and 25 mg/L, 1 h (invitro),  Abcal Inflammatory 179
proanthocyanidins mouse liver 250 mg/kg body response
weight (in vivo)
Polyphenol extract from  miR-103 Up Hyperlipidemic 286mg - kg~ - d”',  Pankl TG storage, 180
Hibiscus sabdariffa mice liver 10 wk acetyl-CoA
metabolism
CLA miR-107 Down Mouse adipose 3 or 10 mg/d, 37 d (Jebpa, FA metabolism 181
tissue Cptib,
Ucp2
Polyphenol extract from  miR-107 Up Liver of 286mg - kg~' - d”',  Panki TG storage, 180
H. sabdariffa hyperlipidemic 10 wk acetyl-CoA
mice metabolism
Coffee polyphenols miR-122 Up Hepa 1-6 cellsand 2.5 ug/mL, 24 h (invitro), Srebp, Fasn  FA synthesis 182
mouse liver 0.5-1% for 2-15 wk (in
Vivo)
Grape seed miR-122 Down FAQ cells and 25 mg/L, 1 h (in vitro),  Fasn FA synthesis 183
proanthocyanidins mouse liver 286mg - kg™ - d7,
10 wk (in vivo)
Polyphenol extract from  miR-122 Up Hyperlipidemic 286mg - kg~ - d”',  Fasn, Srebp  FA synthesis 180
H. sabdariffa mice liver 10 wk (in vivo)
Quercetin miR-122 Up Mouse liver 2 mg/g diet, 6 wk Aoah Lipid metabolism 184
Quercetin miR-125 Up Mouse liver 2 mg/g diet, 6 wk Aoah Inflammation 184
Vitamin E-deficient diet  miR-125 Down Rat liver 6 Mo Tnfa Inflammation 185
Allyl-isothiocyanate miR-155 Down RAW 264.7 cells 1-10 UM, 6 h (in vitro),  Nrf2, p65 Inflammation 186
and mouse liver 15 mg/kg body
weight, 7 d (in vivo)
Grape extract with miR-155 Down Human blood 139 mg phenolics and  TNFa Inflammation 177
resveratrol sample 8 mg resveratrol/d, 1y
1,25 (OH),D3 miR-155 Down RAW264.7 cells 20 nM, 24 h NF-kB Inflammation 187
and innate
immunity
Grape extract with miR-181 Up Human blood 139 mg phenolics and ~ TNFa, IL-18  Inflammation 177
resveratrol sample 8 mg resveratrol/d, 1y
CLA miR-222 Down Mouse adipose 3 or 10 mg/d, 37 d Glut4, Ppary, Adipogenesis 181
tissue Fasn,
Ucp2,
Tnf-a
Western-type diet miR-302a Down Mouse liver LDL knockout mice, 2 wk  Abcal, FA utilization and 188
Elovie insulin
resistance
Fisetin miR-378 Down High-fat diet, 0.05% w/w fisetin with  Srebp-1, FA oxidation, 189
10 wk 20% fat diet, 10 wk Scd1, lipogenesis
Fasn, Nrfl
High-fat diet miR-467b Down Mouse liver tissue  High-fat diet, 8 wk Lpl Insulin resistance 190

' Abcal, ATP-binding cassette transporter 1; Aoah, acyloxyacyl hydrolase; (/ebpa, CCAAT-enhancer-binding protein «; CLA, conjugated linoleic acid; Cptib, carnitine
palmitoyltransferase 1b; Elovl6, elongation of very long chain fatty acid protein 6; FADS2, fatty acid desaturase 2; Fasn, fatty acid synthase; Glut4, glucose transporter type
4; K-RAS, Kirsten rat sarcoma; Lpl, lipoprotein lipase; miRNA, microRNA; Nrf, nuclear factor erythroid 2-related factor; Panki, pantothenate kinase 1; RELA, v-rel
reticuloendotheliosis viral oncogene homolog A; Scdl, stearoyl-CoA desaturase-1; Srebp, sterol regulatory element-binding protein; Ucp2, uncoupling protein 2;
1,25 (OH),D3, 1,25-dihydroxycholecalciferol.
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expression of miR-122a and miR-125 compared with rats
fed a vitamin E-sufficient diet, which results in the al-
teration of lipid metabolism and inflammation (185).
Thus, these studies suggested that vitamins are important
regulators of lipid metabolism and obesity, and they may ex-
ert these properties through miRNA expression.

Nutritional modulation of miRNAs in obesity and
breast cancer

Because numerous studies have reported the biological
effects of essential nutrients, phytochemicals, and other
bioactive functional foods on breast cancer and/or obesity,
only a few studies have been conducted on the effects of nu-
tritional factors that target the key pathways underlying
obesity-linked breast cancer.

Curcumin has been shown to have chemopreventive
properties and reverse hyperlipidemia, hyperglycemia, and
other symptoms related to obesity by targeting NF-«B,
STAT3, cyclooxygenase-2 (COX-2), AKT, and mammalian
target of rapamycin signaling cascades, resulting in inhibi-
tion of obesity-linked cancer growth. Studies documented
that resveratrol has been shown to inhibit breast cancer
growth and maintain glycemic control in diabetic patients
and inhibit inflaimmatory signaling by TNF-a, IL-6,
C-reactive protein, and NF-kB pathways. Ursolic acid is a
naturally occurring triterpenoid derived from apples, rose-
mary, and other fruits and vegetables. Ursolic acid has
been found to inhibit oncogene promoter-induced inflamma-
tion, hyperplasia, and tumor growth in a mouse model of
postmenopausal breast cancer. In addition, ursolic acid
is a strong insulin-sensitizing and anti-inflammatory agent
that regulates NF-kB, COX-2, and AKT pathways against
the effects of obesity (208).

Therefore, like curcumin, resveratrol and ursolic acid
are believed to have anticancer and antiobesity proper-
ties. However, our recent study demonstrated the effect of
1,25 (OH),D; on obesity-associated breast cancer through
miRNA regulation, and to our knowledge, no studies have
been conducted related to the effects of nutrients and nutri-
tional factors on the regulation of miRNA in obesity-linked
breast cancer. Hence, further studies are warranted for iden-
tifying possible miRNA regulation by nutrients.

Conclusions and Future Perspectives

Obesity is a complex and multifaceted condition that in-
creases body weight and the amount of body visceral fat,
which are responsible for 9% of breast cancer progression.
Hence, it is critical to understand the molecular mechanisms
and how obesity influences the carcinogenic processes in the
breast. The known molecular mechanisms involved in
obesity-associated breast cancer are mediated through insu-
lin resistance, chronic inflammation and inflammatory cy-
tokines, adipokines, and sex hormones. Over the past
decade, growing bodies of literature have explored the dis-
covery of miRNAs and their molecular targets involved in
the pathogenesis of many diseases, including cancer, obesity,
and diabetes. Given the deregulation of miRNAs during
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several pathogenic processes, we predict that miRNAs act
as novel biomarkers and therapeutic targets for obesity-
associated breast cancer.

In this review, we summarized the potential role of
miRNAs as therapeutic targets in linking breast cancer and
obesity. In breast cancer, miRNAs have been shown to reg-
ulate common hallmarks, such as tumor initiation, cell pro-
liferation, apoptosis, migration, and drug resistance (Table
2). miRNAs have also been shown to regulate adipocyte
differentiation, insulin sensitivity, and inflammation by tar-
geting genes, including adipogenic transcription factors,
activating macrophages, and signaling cascades (Table 3).
It is exciting to note that specific miRNAs could regulate
identical targets in breast cancer as well as obesity models
(Table 4), which might provide new insights into identifying
the connection between obesity and cancer. Furthermore,
because of high stability, reproducibility, and easy detection
of miRNAs in body fluids, miRNAs can represent a novel
class of potential biomarkers for diagnosis and prognosis
of cancer patients with comorbid conditions of obesity as
well as therapeutic targets. However, the challenge remains
to determine the functional consequences of these miRNAs
and how they are regulated in obesity-associated breast
cancer. For example, the causative role of miRNAs,
which regulates both adipose and breast cancer tissues,
must be understood. Further, the actions of adipose miRNA
in regulating extracellular factors, such as hormones and
adipokines that are involved in breast cancer progression, re-
main largely unknown. Novel methodologies with more
mechanistic studies are warranted to develop customized
therapies for obesity-linked breast cancer patients by either
overexpression or knockdown of miRNAs.

This review also summarized the nutritional modulation
of miRNA expressions and their mRNA targets in obesity-
linked breast cancer. Several dietary components and phyto-
chemicals, including vitamins, FAs, curcumin, resveratrol,
indole-3-carbinol, garcinol, dietary polyphenols, and ma-
trine, have been shown to modulate miRNA expression
and target multiple genes in breast cancer (Table 5) and obe-
sity (Table 6). In recent years, there has been more attention
on studying the effect of dietary components and their de-
rivatives as important epigenetic factors involved in post-
transcriptional regulation of apoptosis, cell proliferation,
metastasis, adipogenesis, lipids, and glucose metabolism
genes. It has been suggested that dietary components can
be used to decrease the expression of oncogenic miRNAs
and increase the expression of tumor-suppressor miRNAs
to affect drug-resistance mechanisms associated with
standard chemotherapy. miRNA profiling can be a useful
method for the assessment of nutritional status, develop-
ment of a suitable diet, and the design of future therapeutic
approaches in obesity-linked breast cancer. However, more
research is needed on the efficacy of dietary factors against
obesity-associated breast cancer. The modulation of miRNA
profiles by dietary agents during breast cancer progres-
sion would provide new insights into early biomarkers for
obesity-associated breast cancer prevention. Most of the



studies that were highlighted in this review of the modula-
tion of miRNAs by dietary components focused on cell lines
or experimental animals treated with dietary components,
resulting in the change of miRNA and its target gene expres-
sions. Hence, there is a need for experimental functional
studies, including the use of transgenic mice with a gain
or loss of miRNA genes, to provide a better understanding
of the complex regulation of miRNAs by dietary factors in-
volved in these processes. It is hoped that this review will en-
courage the exploration of the promising role of miRNAs as
effector molecules, which will provide new therapeutic strat-
egies for the treatment of obesity-associated breast cancer to
reduce the burden of breast cancer.
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